Based on homologies between the yeast DMCl and the lily LIM15 meiosis-specific genes, degenerate PCR primers were designed that amplified the Arabidopsis DMCl gene 
Introduction
Meiosis provides a mechanism by which a heterozygous individual can create large numbers of genotypically unique recombinant gametes. Chromosomes replicate during interphase, as in mitosis, and enter meiosis with two chromatids. During meiotic prophase I, chromosomes condense from the dispersed state typical of interphase, to form long thin threads in leptotene, and each acquires a proteinaceous axial core to which the two sister chromatids are attached. During zygotene, homologous chromosomes become aligned, forming the synaptonemal complex and, at pachytene, non-sister chromatids of the completely paired chromosomes recombine forming the chiasmata which become visible during diplotene. Two cell divisions follow--reductional and equational--resulting in Received 6 March 1996; revised 22 August 1996; accepted 20 September 1996. *For correspondence (fax +44 1603 250024; e-mail jonesj@bbsrc.ac.uk).
four gametes, with each single chromosome as a potentially recombinant chromatid.
In yeast, molecular genetic analysis has revealed and led to the isolation of several genes that are essential for meiosis (Mitchell, 1995) . For example, the DMCl (Bishop et al., 1992) and RAD51 (Shinohara et al., 1992) genes are homologues of the Escherichia coli recA gene, and appear to play a role not only in recombination-mediated homology-dependent pairing, but also in the strand exchange that results in chiasmata. Other genes, such as ZIP1, are required for synaptonemal complex formation (Sym et al., 1993) .
In higher eukaryotes, molecular analysis of the mechanisms controlling chromosomal pairing has been significantly more difficult than in yeast, since the systems are more complex and less easy to transform. However, several meiotic mutations have been identified in Drosophila (for review see Carpenter, 1993 Carpenter, , 1994 ) and higher plants (Curtis and Doile, 1992; Golubovskaya, 1989; Golubovskaya et aL, 1992 Golubovskaya et aL, , 1993 Sears, 1976) and studied for their effect on meiosis. One such gene, Phl suppresses pairing of nonhomologous chromosomes in wheat and a Phi-mutant background was used for the transfer and introgression of alien chromosome segments into wheat (Riley et al., 1968) . Plants have also provided an excellent cytological system for the study of meiosis (Albini, 1994; Albini and Jones, 1987, 1988; Gillies, 1984; Schwarzacher and HeslopHarrison, 1995; Sherman and Stack, 1992) , but there has been little investigation at the molecular level. Lily anthers have offered the best system to study biochemical events that are correlated with the different stages of meiosis, because these stages are protracted and synchronized in adjacent flower buds, permitting the isolation of temporally regulated cDNA clones (Kobayashi et aL, 1994) . One such gene, LIM15, was expressed specifically in prophase I of meiotic cells and is extremely homologous to the yeast DMCl gene (Kobayashi et aL, 1993) . In both yeast and lily, DMC1 and RAD51 proteins co-localize during zygotene (Bishop, 1994; Terasawa et aL, 1995) . Early meiosis cDNA clones were also identified in wheat and maize by hybridization to a Lilium meiosis-specific cDNA clone (Ji and Langridge, 1994) . The first genomic sequence of a recAlike plant gene, ArLIM15, with high degree of homology to that of LIM15, was recently described in Arabidopsis thaliana (Sato et aL, 1995) . However, no data showing the expression pattern of ArLIM15 have so far been reported.
There are many reasons for an interest in the promoters of plant genes expressed during the time of meiosis. For example, the promoters of such genes must be expressed late in both the male and female lineages that give rise to whorl 3 and whorl 4 of the flower, respectively (Coen and Meyerowitz, 1991) . Different regions in the promoter could specify expression in each whorl, or alternatively the same region could be required for expression in each whorl. Deletion analysis of a meiosis-associated promoter would permit this question to be addressed. Our purpose is to test whether transposon tagging efficiencies in Arabidopsis can be improved by fusing a meiosisassociated promoter to a transposase gene, that will then transactivate a non-autonomous transposable element. (Sato et al., 1995) revealed that these genes, isolated from Landsberg erecta and Columbia ecotypes, respectively, encode the same protein but differ in their promoter regions. We determined that the difference was caused by the insertion of a 1874 bp transposon-like element into the promoter of ArLIM15. The element, designated Limpet1, carries 26 bp imperfect inverted repeats at its termini, apparently generates a target site duplication upon its integration, but has no significant homology to known transposable elements. RT-PCR analysis indicates that despite the presence of Limpetl, ArLIM15 and AtDMC1 are expressed at similar levels.
Results

Isolation of the AtDMC1 gene
In order to isolate the A. thaliana DMCl homologue, five different degenerate primers were designed corresponding to amino acid motifs conserved in LIM15 and DMC1 proteins (Figure 1 ). Different combinations of primers were used for PCRs with Arabidopsis genomic DNA as a template. The largest PCR products were reamplified with nested primers. Only two sets of primers, MEI1-MEI5 and MEI1-MEI4, proved effective. Primers MEI2 and MEI3 did not amplify the expected size class either together or in combination with other primers. Subsequent analysis showed that they anneal to parts of the cDNA sequence that are interrupted by introns in genomic DNA (Figure 1 ). PCR with MEI1-MEI5 primers revealed several DNA bands and an aliquot of the first PCR product was reamplified with MEI1 and MEI4. The DNA bands which showed a shift in their electrophoretic mobility of at least 100 bp in comparison with the first PCR product (not shown), were subcloned and sequenced. One subclone contained a 679 bp insert, encoding a 111 amino acid sequence with 93% identity to the LIM15 protein (Kobayashi et al., t993) . The coding sequence in this subclone, designated as probe A, was interrupted by four introns (Figure 2a) . Two unique primers (MEI1U and MEI4U) , that annealed to the same location as their degenerate homologues, were synthesized and used for the PCR screening of DNA pools prepared from 68 plates (384 clones per plate) of an Arabidopsis cosmid library kindly made available by C. Lister and C. Dean (Cambridge Laboratory, JIC, Norwich). The probing of filter replicas from positive plates with probe A recovered five cosmid clones. Clone 64/23/C was used for restriction mapping, subcloning and sequencing.
Both strands of two overlapping fragments, encompassing 8kb of cosmid insert, were completely sequenced. Data base searches with the BlastX program (Altschul et al., 1990 ) revealed a gene within this region, designated AtDMC1, whose highest homology was to the ArLIM15 protein followed by LIM15 and its human and mouse homologues as well as several RAD51 homologues and other RecA-like proteins, including yeast DMC1, from different eukaryotic organisms. The GenBank accession number for the AtDMC1 gene is U76670.
DNA gel blot analysis of AtDMCI revealed that this is a single-copy gene. As shown in Figure 3 , in addition to the strong signal a weak signal was detected after hybridization with probe A and washing at moderate stringency. The appearance of this hybridization band cannot be explained as a result of partial digestion, especially with BamHI, as the size of fragment (approximately 0.9 kb) does not correspond with the restriction map of the AtDMC1 gene ( Figure 2a ) and is smaller than the main hybridization signals (9 kb and 1.1 kb fragments, Figure 3) .
AtDMCl was shown to be polymorphic with EcoRI, EcoRV, Xbal, Hincl] ll, Hpal and Bs~l enzymes between A. thaliana Landsberg erecta and Columbia ecotypes. The RFLP for this gene was mapped to the top arm of chromosome 3 between the m560B2 and g4711 molecular markers at distances of 4.8 cM and 7.7 cM from each of the markers, respectively (see Experimental procedures).
Characterization of the AtDMC1 transcript by RT-PCR
Screening of an Arabidopsis inflorescence cDNA library made using the ~. ZAPII vector (distributed by J. Dangl) According to the prediction, the primers should amplify 996 bp and 2586 bp fragments from the cDNA and genomic DNA, respectively. Two expected bands were observed after the electrophoretic separation of RT-PCR products (results not shown) and the 996 bp fragment was cloned and sequenced. The sequence confirmed the prediction, except that minor corrections were necessary to the predicted boundaries of some exons. Further steps were undertaken to identify the full-length transcript, in particular the transcription start site. The GENEFINDER program (developed by S. Klostermann, MaxPlanck Institute, Martinsried) predicted an additional short exon 5' to the first of the 14 exons that were initially identified. Several 5' RACE products were sequenced and confirmed the existence of an additional exon. The beginning of the longest was presumed to correspond to the transcriptional start site, designated +1 in Figure 4 . This result allowed us to define the promoter of the AtDMC1 gene. The promoter contains some potentially interesting motifs upstream of the putative TATA box. Four direct repeats were found at the positions -285 to -397 ( Figure 4 ). Two nearly complete repeats, 9 bp and 11 bp, are flanked by two complete 15 bp repeats. Interestingly, three of the repeats contain the short palindromic repeat ATGCAT at their 3' ends. A transcription factors data base search (Ghosh, 1990) 
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nized by sequence-specific transcription factors did not reveal a factor that recognizes this motif.
Results of 3' RACE revealed a 260 bp untranslated region (excluding the polyA tail). The full-length mRNA transcript sequence was inferred from compiling the RT-PCR and RACE data.
Comparison of the AtDMC1 and the ArLIM15 (Sate et al., 1995) transcripts and genomic sequences confirmed positions for most of the exon/intron junctions, but the borders of intron 14 of ArLIM15 appear to have been determined incorrectly. As a result, two amino acids, alanine (A) and glutamic acid (E) (positions 326 and 327 for the AtDMC1 protein) were excluded from the predicted protein sequence of ArLIM15 (Sate et al., 1995) . It is unlikely that splicing for this particular intron is different between Columbia and Landsberg erecta ecotypes. There is amino acid substitution at the position 103 (leucine in Columbia, serine in Landsberg erecta). There is also a difference in the sizes of transcripts: AtDMC1 transcription start site is 4 bp upstream of that for the ArLIM15 and the last exon is 75 bp longer.
Predicted AtDMCl protein is highly homologous to LIM15 and DMCl proteins
The 344 amino acid AtDMC1 protein exhibits significant sequence similarity to lily LIM15 (Kobayashi et aL, 1993) and yeast DMC1 (Bishop et aL, 1992) meiotic proteins ( Figure 1 ). The optimal alignment showed 84.3% of amino acid identity and 93.6% amino acid similarity between AtDMC1 and LIM15 and 51.8% of amino acid identity and 71.1% similarity between AtDMC1 and DMCI. AtDMC1 exhibits a somewhat lower level of homology with the yeast RAD51, a protein required for mitotic and meiotic recombination and resistance to ionizing radiation (48.5% and 70.6% of identity and similarity, respectively). AtDMC1, like other RecA-like DNA strand-exchange proteins (Kowalczykowski and Eggleston, 1994) , possesses consensus ATP-binding sites (Walker et aL, 1982) (Figure 1 ).
In situ hybridization analysis of AtDMC1 expression
In order to test whether or not the AtDMC1 gene is expressed at the time of meiosis, in situ hybridization analysis using cross-sections of the whole inflorescence and DIG-labelled antisense AtDMCl RNA as a probe was carried out. The expression of AtDMCl in whorl 3 is restricted to pollen mother cells (Figure 5a and b) . No expression was detected in tapetal cells. In whorl 4, the hybridization was restricted to megaspore mother cells of ovules (Figure 5c and d) . DIG-labelled sense AtDMCl RNA was used as a negative control and did not reveal any hybridization signal at the stages of flower development at which the expression of AtDMCl might take place. Weak non-specific signal was detected in the mature pollen grains following hybridization with sense and antisense AtDMCl RNAs (data not shown). No signals were detected in postmeiotic ovules and developing embryos as well as in the analysed vegetative tissues (leaves, stems) (results not shown). The meiosisassociated expression of the AtDMCl led us to investigate whether the AtDMCl promoter could direct meiosisassociated expression of the GUS reporter gene.
Characterization of expression of a pAtDMCI:GUS fusion
A translational fusion was made between the putative AtDMCl promoter and coding sequences of the GUS reporter gene (see Experimental procedures). The fusion consists of a 3.3 kb DNA fragment containing the AtDMCl promoter fused in frame with GUS at the position of the methionine residue located in the second exon ( Figure 4) . As a result the GUS protein carries 13 AtDMC1 amino acid residues at its amino terminus. These residues Arabidopsis DMC1 homologue 5 appear to be neutral with respect to GUS activity. A schematic representation of the T-DNA region carrying the pAtDMCI:GUS fusion is shown in Figure 2b . Eight primary transformants with this pAtDMCI:GUS fusion were obtained and analysed for the presence of GUS expression patterns. Three primary transformants did not reveal any GUS activity, one showed ubiquitous GUS expression and four transfomants revealed GUS expression patterns which were restricted to the whorl 3 and whorl 4 of flowers. No GUS expression was detected in roots, leaves and stems of these four transformants, except that one of them exhibited GUS expression in damaged tissues. There was also X-Gluc staining in the receptacles of some of the open flowers, but this pattern is very common for plants carrying the GUS gene and might be considered as non-specific (Klimyuk et aL, 1995) . Such quantitative and qualitative variability in GUS expression patterns of different primary transformants could reflect the sensitivity of the AtDMCl promoter to adjacent genomic sequences. An example of X-Gluc stained inflorescence buds at different stages of development is shown in Figure 6 . The GUS expression initially appears in the anthers of approximately 0.2 mm long inflorescence buds ( Figure 6b ) and later in the carpels of more advanced, approximately 1 mm long, buds (Figure 6e and f). Meiosis in anthers and carpels does not coincide (Bowman, 1994) . The beginning of meiotic prophase I in anthers takes place at stage 9 of flower development, while the meiotic events in carpels do not occur until stage 11 (Bowman, 1994) . Crosssections of X-Gluc-stained buds at the different stages of development are shown in Figure 7 . GUS expression was first detected in pollen mother cells of anthers from inflorescence buds early in stage 9 (Figure 7b ). In late stage 9 GUS staining increased dramatically (Figure 7c ). GUS expression in ovaries was first detected at stage 11 of flower development (Figure 7d ). This temporal and spatial coincidence of reporter gene expression driven by the AtDMCI promoter with the stages of floral bud development corresponding to the time of meiosis suggests that the AtDMC1 promoter can drive meiosisassociated GUS expression. The presence of residual GUS activity adjacent to the main sites of localization in anthers and ovaries is the result of artefactual indigo blue dye formation in surrounding .tissue. The specificity of dye localization can be improved by using 0.2-1 mM potassium ferrocyanide/ferricyanide in staining solution (Jefferson, 1987) . However, this compromised the sensitivity of the protocol resulting in loss of the weak GUS expression patterns at the early stages of meiosis. Inflorescences of non-transformed Arabidopsis plants were used as a negative control and they did not reveal any patterns of X-Gluc staining (not shown). 
Expression of AtDMC1 is not induced by ionizing irradiation
Recently an Arabidopsis RAD51 homologue (AtRAD51) was isolated, which appeared to be y-ray inducible (Smith and Signer, manuscript in preparation). AtRAD51 protein shares significant homology (50.1% of identity and 69.7% of similarity) with AtDMC1. To check whether or not the (Figure 8a ). In order to increase the sensitivity of approach, we applied RT-PCR for the comparative analysis of AtDMCl cDNA levels in control and irradiated plants (Figure 8b ). RT-PCR of polyubiquitin mRNA was used as an internal control (see Figure 8c and Experimental procedures). Three independent RT-PCRs were performed and no significant difference was found between the AtDMC1 cDNA levels in control and irradiated plants. A slight increase (approximately 20%) in the level of polyubiquitin cDNA was detected for irradiated plants.
This allows us to conclude that expression of AtDMCl, unlike AtRAD51, is not induced by ionizing radiation in Arabidopsis leaves.
AtDMC1 and ArLIM15 genes are different within the promoter regions
Alignment of the AtDMCI and ArL/M15 (Sato eta/., 1995) gene sequences, revealed that these genes, isolated from ecotypes Landsberg erecta and Columbia, respectively, are virtually identical throughout their respective coding Figure 9b . The set of primers AR2-ATM2 produced the expected 446 bp PCR band for Columbia ecotype, but nothing for Landsberg erecta, whereas primers ATM1-ATM2 produced the expected 342 bp PCR product for Landsberg erecta and 2.2 kb PCR product from Columbia ecotype (Figure 9b ). This result confirmed that the AtDMC1 and ArLIM15 sequences described above are not derived from chimeric clones and reflect genuine differences in gene structure. To determine the nature of the rearrangement, sequence of the ArLIM15 promoter region was extended. This indicated that the difference between the AtDMC1 and ArLIM15 promoter regions was caused by a 1873 bp DNA fragment present in the ArLIM15 gene but absent in the AtDMC1. The fragment is flanked by two 9 bp direct repeats and has 26 bp imperfect inverted repeats, with 73% of identity, at its termini; internal to these are two shorter inverted repeats (results not shown: GenBank accession number U76697). The general structure of the fragment suggests that it might be a transposable element and that it is probably a member of the class of transposons that exhibit DNA-mediated transposition. The two 9 bp direct repeats at the ends of the element probably represent a target site duplication. Consistent with this suggestion such a duplication is absent within the AtDMC1 promoter. (Figure 9c ).
In order to assess whether or not the insertion of RT-PCR and DNA gel blot analysis was performed on total RNA isolated from floral buds (1 and 3) and leaves (2 and 4) with MEI4U and MEI1U primers, as described in the legend for Figure 8 except that exposure time was 3 h. Lanes 1 and 2, Columbia ecotype; lanes 3 and 4, Landsberg erecta ecotype.
gel blot analysis of RT-PCR products are shown in Figure 10 . The two ecotypes exhibit very similar and relatively high levels of expression in inflorescence tissue and similar but much lower levels of expression in the leaves.
Discussion
The identification of amino acid motifs conserved between the lily gene LIM15 and the yeast gene DMC1 suggested that an Arabidopsis homologue of these genes could be isolated by PCR using degenerate primers. The success of this approach attests to the conservation of the meiosis machinery across a broad range of taxa. It is not surprising that the AtDMCI coding sequence was more closely related to L/M15 than to DMCI. Alignment of AtDMC1 cDNA coding sequences with those of L/M15 and DMC1 revealed 73% and 55% identity, respectively. The AtDMCI gene reveals an extremely complex structure of exon/intron junctions. It was not difficult to identify most of the exons in the AtDMC1 gene, because its conceptual translation product showed such a high degree of identity to LIM15 amino acid sequence. The main difficulty was to identify AtDMC1 transcript, as screening of an Arabidopsis cDNA library, prepared from flower buds predominantly younger than stage 11, did not give any positive results. Application of RT-PCR to RNA extracted from inflorescence buds proved to be more efficient and helped to confirm or correct the predicted borders of exons, as well as to identify the 5' and 3' termini of the full-length transcript. As a result, 15 exons and 14 introns were identified within the structural part of the AtDMC1 gene. This is consistent with the gene structure of ArLIM15 isolated from ecotype Columbia. In addition, mapping of AtDMC1 using recombinant inbred lines of Landsberg erecta and Columbia led to the identification of a single locus, and the conclusion that AtDMCI and ArL/M15 are allelic.
/n situ hybridization analysis using antisense AtDMCI RNA as a probe revealed that AtDMC1 gene expression Arabidopsis DMC1 homologue 9 is restricted to meiotic cells in anthers and carpel. Strong hybridization signals were detected in pollen mother cells as well as in megaspore mother cells ( Figure 5 ). Translational fusion of the AtDMC1 promoter within the second exon to a GUS reporter gene revealed spatially and temporally restricted expression of the AtDMC1 promoter and clearly showed that initiation of GUS expression appears at the stages of flower development where meiosis takes place (Figures 6 and 7) . The level of AtDMC1 expression appears high in those cells that express it, but the level of AtDMC1 mRNA in the total flower RNA preparations appeared low and, as a result, we were unable to analyse expression using RNA gel blot analysis. This might be due to instability of the AtDMC1 transcript, as it has been shown in yeast that early meiotic transcripts are highly unstable and their half-lives are under 3 rain (Surosky and Esposito, 1992) . Because of GUS enzyme stability, the AtDMC1 expression could be less protracted than it appears based on ×-Gluc staining. Taking into account these data and the expression patterns of AtDMC1 homologues from other species, DMC1 and L/M15 (Bishop, 1994; Bishop eta/., 1992; Kobayashi et al., 1993; Terasawa et a/., 1995) , we conclude that AtDMC1 is strongly expressed only during meiosis, probably during meiotic prophase I. The inconsistency between the GUS assay ( Figure 6 ) and RT-PCR data (Figures 8b and 10) , showing the presence of the AtDMCI mRNA in vegetative tissues, is the consequence of significantly higher sensitivity of the RT-PCR approach. It also demonstrates that a very low level of the AtDMC1 mRNA is present in vegetative tissue. Unfortunately, it is difficult to carry out quantitative comparison of AtDMC1 expression levels in vegetative and meiotic cells, given there are no detailed anatomic studies which tell us what proportion of the cells in flowers are meiotic.
The results of experiments with irradiation of Arabidopsis plants showed that the AtDMCI gene is not induced by ionizing radiation, in contrast to the AtRAD51 DNA repair gene. This is the first evidence that a DMC1 homologue is not radiation-inducible. The AtRAD51 protein showed significantly higher amino acid sequence identity with yeast RAD51 protein (62.9%) than with DMC1 (47%) or AtDMC1 (50%) proteins. As shown for yeast by Bishop et al. (1992) , A dmcl mutation was not sensitive to DNA damage and no DMCl transcripts were detected in undamaged log phase wild-type cells. This allows us to conclude that the AtDMCl gene is the Arabidopsis homologue of the meiosis-specific gene DMCl rather than RAD51, whose expression is not limited to the time of meiosis and can be induced by ionizing irradiation.
Comparison of the sequences of two allelic genes, AtDMCl and ArLIM15, isolated from two different ecotypes, allowed the identification of a previously unknown transposon-like element, Limpet1, within the promoter region of ArLIM15. This element increased the number of known Arabidopsis transposons which include Tal (Voytas and Ausubel, 1988) , Tat1 (Peleman et al., 1991) and Tag1 (Tsay et al., 1993) . Only Tag1 has been shown to transpose. Different hybridization patterns with Limpet1 as a probe with DNA isolated from different ecotypes suggest that element has moved since the divergence of these ecotypes. Surprisingly, the insertion of a 1873 bp transposon-like element within the promoter region near the transcription start site did not seem to change the expression of ArLIM15. This suggests that the promoter of this gene can tolerate significant rearrangements without changing the level and, most likely, the pattern of expression. In addition to the interest of a polymorphic insertion site for a novel transposon, this locus can also be used as an easily assayable CAPS molecular genetic marker on chromosome 3 (Figure 9b) .
The isolation of a DMCl homologue from the intensively studied model plant A. thaliana offers several opportunities for investigation of the basis for the tight regulation of AtDMC1 gene expression and of its biological functions. The remarkable specificity of the AtDMC1 promoter which confers tight developmental regulation of reporter gene expression in whorl 3 and whorl 4, might serve as a model system to study the mechanism of such regulation. Four direct repeats identified upstream of the AtDMCl TATA box (Figure 4 ) might play an important role in developmental regulation of AtDMC1 gene expression. Functional dissection of the promoter and site-directed mutagenesis might help to identify cis-regulatory sequences controlling the transcription of the AtDMC1 gene and to clarify possible involvement of direct repeats in such regulation.
The yeast dmcl mutant fails to form a normal synaptonemal complex, accumulates double-strand break recombination intermediates, arrests in the late stage of prophase and as a result, produces a very low percentage of viable spores (Bishop et aL, 1992) . Identification of an Atdmcl mutant, either by comparison of the AtDMC1 mapping position with the mapping positions of the mutations affecting meiosis in Arabidopsis, or by PCRbased selection of transposon insertion mutants (Koes et aL, 1995) and their further complementation with the AtDMC1 genomic clone, will be helpful in further refining our understanding of the functions of the DMCI homoIogue in plants.
Many potential uses can be envisaged for the AtDMC1 promoter, such as meiosis-specific expression of a variety of DNA-modifying enzymes, rare-cutting site-specific nucleases or recombinases. One promising potential application of the AtDMCl gene is using its promoter for improving transposon tagging efficiency. Different heterologous transposon tagging systems have been employed in Arabidopsis (Aarts et aL, 1995; Bancroft et al., 1992; Dean et aL, 1992; Lucas et aL, 1995) . The main factors determining the efficiency of each system in the tagging of host genes are the frequencies of transposon excision and reinsertion, and the independence of transposition events. The last factor is crucial for a system with a high level of excision and reinsertion events, as such systems often yield clonal transpositions (Long et al., 1993; Scofield et al., 1993) . Using the pAtDMC1 promoter, driving transpositions at a restricted stage of plant development, particularly at the early stages of meiosis, might improve the efficiency of transposon tagging by producing only unique (independent) transposition events. We have made and are currently testing constructs carrying different types of fusions of the AtDMC1 promoter to different transposase genes (Ac, Spm) as well as to the Tntl tobacco retrotransposon (with H. Lucas, INRA, Versailles). If successful, this approach might significantly decrease the number of plants required to generate multiple independent transposition events.
Experimental procedures
Plant material
The plants used in this Study were Arabidopsis thaliana Columbia, Landsberg erecta and Wassilewskija ecotypes. Plants were grown in the greenhouse at 25°C under 16 h of illumination and automatic watering conditions. Figure 1 . The PCR reactions were performed with 0.05 pg of A. thaliana (Landsberg erecta) DNA as a template in a volume of 50 ~tl in the presence of 2 ~lM of each of the two selected primers in a buffer containing 250 pM dNTPs (Pharmacia) 10 mM Tris-HCI, pH 8.3, 50 mM KCI, 2.5 mM MgCI 2, 0.05% Nonidet P-40, and 2.5 units of 'AmpliTaq' thermostable DNA polymerase (Perkin Elmer Cetus). Cycling conditions were: 94°C for 15 sec; 50°C for 30 sec; 72°C for 2 min; 35 cycles, followed by a 10 min extension at 72°C. The major 679 bp PCR band, obtained after the reamplification with MEI1 and MEI4 primers of the first round PCR product (MEI1 and MEI5 primers), was bluntended by treatment with T4 polymerase, subcloned into the EcoRV site of pBS(KS ~) and sequenced. The fragment encoded amino acid sequence with 93% of identity to the homologous part of LIM15 15 and was used to screen the A. thaliana (Landsberg erecta) cosmid library. The four genomic equivalents library (68 plates × 384 colonies each, with average size of DNA inserts approximately 15 kb) was made on the basis of CLD04541 binary vector and was kindly provided by C. Lister and C. Dean. Five clones were recovered and one of them, called 64/23/C, was used for the restriction mapping and subcloning of 5.9 kb EcoRV and 3.6 kb Clal overlapping fragments into the pBS (KS+) vector. The DNA sequencing and sequence analysis was performed as described below.
Isolation of genomic clones
Genomic DNA isolation and DNA gel blot analysis
Genomic DNA was isolated from the plant tissue and digested with the different restriction enzymes as described (Klimyuk et aL, 1995) . The DNA fragments were separated on 1% agarose gel, transferred to Hybond-N membranes (Sambrook et aL, 1989) , immobilized on the membranes by UV cross-linking (UV Stratagene stratalinker 2400) and subsequently baking the membranes for 1 h at 80°C. The hybridization procedure was performed as described by Church and Gilbert (1984) . DNA fragments for using as the probes were gel-purified and were labelled using an oligolabelling kit (Pharmacia).
PCR analysis of genomic DNA
Different combinations of primers ATM2 (5'-GCA ACT GAA TIT G-El I-FC GTT TG-3'), ATM1 (5'-I-I-G ATT AGT GGA TCC GCA AAC AA-3') and AR2 (5'-TAG ATG AAA CGA GTI" TGA CAC ATG-3') were used for PCR amplification of genomic DNA, isolated from Landsberg erecta and Columbia ecotypes of A. thaliana. The PCR amplification was performed as described above for isolation of genomic clones, except that each primer concentration was 0.1 mm and cycling conditions were: 94°C for 20 sec; 58°C for 20 sec; 72°C for 2 min; 35 cycles, followed by a t0 min extension at 72°C. Primers T1 (5'-GGG AAT G'I-I" CCA ATA TAA G-3') and T2 (5'-GAG AAT ATT ACA CTC "I-I'A AA-3') were used for amplification of Limpet1 sequences. The positions and orientations of primers are shown in Figure 9 (a).
Arabidopsis DMC1 homologue 11
Reamplification was done with QI and GSP2 (5'-GCA CAT ACC CI-I-TGT GTC-3') primers.
For 5' RACE complementary DNA synthesis was performed with 5 I~g of total RNA and primer 5R2 (5'-TCA GCA GCT TCA CAG ArT I-IG-3'). Second-strand cDNA synthesis and first PCR amplification were done with QI, QT (Frohman, 1989) and 5R2N (5'-TCA ACT TTG GCC TCA GAT AAA C-3') primers. Reamplification was done with QI and 5R2N1 (5'-TTC TTG GTA TGC ATC ATG AGA-3') primers. Amplified products were sizeselected by gel electrophoresis, subcloned and sequenced as described below.
RT-PCR analysis of AtDMCl expression was performed with MEI1U (5'-GGA GGG AAT GGA AAA GTG-3') and MEI4U (5'-GCA ACG TI'G AAC TCC TCT GCA AT-3') primers using 1 ~g of total RNA from 12-day-old seedlings, leaves and floral buds as a template. The positions and orientations of the primers coincide with those of their degenerate homologues, MEI1 and MEI4 ( Figure 2a) . As an internal control, primers for Antirrhinum majus polyubiquitin mRNA (GenBank accession number X67957), kindly provided by Dr M. O'Dell, were used: 1392 (5'-CAG ATC TTT GTG AAG ACT CTG-3') and 1393 (5'-GGA CTC CIF CTG GAT GTT GTA-3'). Primer 1393, directed in antisense orientation was used for cDNA strand synthesis.
Subcloning and DNA sequencing
All subclonings and template preparations were done using the phagemid BlueScript (KS+) vector (Stratagene). The series of unidirectional 250-300 bp deletions were carried out for large inserts using the Erase-a-Base system (Promega). The sequencing reactions were performed by using DyeDeoxy Terminator cycle sequencing kit (Applied Biosystems). In some cases the PCR products were sequenced directly. Sequence analysis was carried out on ABI 373A DNA sequencer (Applied Biosystems). DNA contig, carrying AtDMCl gene sequence (Figure 2 ), was built up by using Autoassembler programme (Applied Biosystems).
RNA isolation
Total RNA was prepared from Arabidopsis floral buds, leaves and 12-day-old seedlings (including root tissue) by a standard method (Harpster et al., 1988) or by a method described by Napoli et aL (1990) . Both methods produced good-quality RNA, but the last one was preferred when small quantities of total RNA were required.
RT-PCR and Identification of cDNA ends (RACE)
RT-PCR, 5' RACE and 3' RACE were carried out as described (Frohman, 1989; Frohman et al., 1988) using total RNA from floral buds as a template.
For RT-PCR complementary DNA synthesis was carried out with 2 ~g of total RNA and primer MEI6U (5'-ATC CTT CGC GTC AGC AAT GCC-3'). Second-strand synthesis and PCR were carried out with primers 5RN (5'-ATG CAG CTC GTT GAG CGT GAA-3') and MEI6U. PCR mixture was heated for 5 min at 95°C, followed by 35 cycles of amplifications (94°C, 40 sec; 56°C, 1 min; 72°C, 2 min) and 10 min final extension at 72°C.
For 3' RACE complementary DNA synthesis was carried out with 5 p,g of total RNA and QT primer (Frohman, 1989) . Secondstrand cDNA synthesis and first PCR were done with Qo and GSP1 (5'-TCT GGG AAA ACC CAA TAA-3') primers.
Construction of pAtDMCI:GUS fusion
The Ncol site was introduced by site-directed mutagenesis (Kunkel, 1985) at the position of the first ATG codone (shown in bold in Figure 4 ) in the second exon of 5.9 kb EcoRV subclone of the AtDMCl gene to make plasmid SLJ7731. The sequence of MUTA primer used for mutagenesis is: 5'-TAG AGC TGA AGA AAC GAG CCC CAT GGA GCT CGT TGA GCG TGA-3'. The Ncol site is shown in bold. The final construct SLJ7731 was digested with Ncol and Pstt restriction enzymes, gel purified and ligated with small NcoI-Psd fragment of SLJ4D4. The final plasmid SLJ7744, carrying pAtDMCl:GUS 3'ocs fusion in pBS(KS+) vector, was digested with Hpal and Smal restriction enzymes. The large fragment, released by this digest, was gel purified and subcloned into the Hpal site of binary vector SLJ491, based on pRK290. The final construct SLJ7753 (Figure 2b) was mobilized into Agrobacterium tumefaciens C58C1 strain harbouring the disarmed Ti plasmid pGV2260 (Deblaere et al., 1985) and used in transformation experiments.
Plant transformation
In planta transformation of A. thaliana (ecotype Columbia) was performed as described (Bechtold et al., 1993) . Seeds were harvested 3 weeks after the vacuum-infiltration, sterilized and screened for transformants on GM + 1% glucose medium (Valvekens et aL, 1988) containing 50 mg 1-1 kanamycin.
Histochemical GUS assay
Transformed plants carrying T-DNA of SLJ7753 were X-Gluc stained at the different stages of development as previously described (Klimyuk et aL, 1995) . Squashes of X-Gluc-stained, pigment-washed flower buds were prepared as described below. Specimens were placed in eppendorf tubes and vacuuminfiltrated with immersion oil in SpeedVac concentrator SVC100H (Savant). Then buds with remains of immersion oil were placed on a slide and gently squashed with a cover slip. The squashes were examined with a Zeiss Axiophot microscope.
The histochemical localization of GUS activity in flower buds was performed on 10 #m cross-sections of Historesin-embedded plant material as previously described (Dolan et al., 1994) . For better visualization of the tissue structure some of the crosssections were stained for 1 rain with 0.01% Safranin. The sections were examined with a Nikon Microphot-SA microscope equipped with a dark field condenser.
The following criteria were used to identify the stages of flower development (Bowman, 1994) : stage 9--petal primordia stalked at base, pistil length (from the top of the stigma to the point of attachment to the receptacles) is 0.15-0.4 mm, stage 10--stamen filaments begin to elongate, pistil length is 0.4-0.5 mm; stage 11--stigmatic papillae appear, pistil length is 0.5-1.5 mm.
RNA in situ hybridization
Digoxigenin-labeling of RNA probes, tissue preparation and in situ hybridization were performed as described by Bradley et al. (1993) and Coen et al. (1990) .
X-ray treatment of Arabidopsis plants
Twelve-day-old Arabidopsis plants grown in small (5 cm in diameter) plastic petri dishes were exposed to 5 and 10 krad of ionizing irradiation. The ABB 6 MV linear accelerator served as a source of radiation. One hour after irradiation plants were used for X-Gluc staining and RNA isolation. Non-irradiated plants served as a control.
RNA gel blot analysis
RNA samples were separated on 1.4% agarose-formaldehyde gels as described by Ausubel et aL (1987) . Agarose gel was rinsed in several changes of sterile DEP-treated distilled water in order to remove formaldehyde and blotted overnight in 10xSSC to Hybond-N membrane. Membrane was carefully rinsed with deionized sterile water and RNA was immobilized to membrane and hybridized with probe as described above for DNA gel blot analysis.
Molecular mapping
Labelled 5.9 kb EcoRV fragment of AtDMCl genomic clone (probe B, Figure 2a ) was initially used to probe Southern blot of A. thaliana (ecotypes Landsberg erecta and Columbia) DNA to detect specific RFLPs. Subsequently, Southern blots of EcoRIdigested DNAs isolated from 41 recombinant inbred (RI) lines between the ecotypes Landsberg erecta and Columbia (Lister and Dean, 1993) were hybridized with probe B. The molecular mapping of AtDMCl gene was carried out by Dr C. Lister using the program MAPMAKER V.l.0 (Lander et al., 1987) , and data for the segregation of 92 single-copy sequences covering the five Arabidopsis chromosomes.
